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The Notch signaling pathway is involved in a variety of developmental processes. Here, we characterize the phenotypes developing in the
reproductive organs of male transgenic (Tg) mice constitutively expressing the activated mouse Notch1 intracellular domain (Notch1intra) under
the regulatory control of the mouse mammary tumor virus (MMTV) long terminal repeat (LTR). Tg expression was detected in testis, vas deferens
and epididymis by Northern blot analysis. In situ hybridization with a Notch1-specific probe lacked sensitivity to detect expression in normal-
appearing cells, but demonstrated expression in hyperplastic epithelial cells of the vas deferens, epididymis and efferent ducts. Tg males from three
independent founder lines were sterile. Histological analysis of reproductive organs of young Tg males (postnatal ages 8 and 21) showed no
difference compared to those of non-Tg males. In contrast, in adult Tg mice from day 38 onwards, the efferent ducts, the vas deferens and most
epididymal segments revealed bilateral epithelial cell hyperplasia with absence of fully differentiated epithelial cells. Electron microscopy
confirmed the uniformly undifferentiated state of these cells. Immunohistochemistry with anti-PCNA antibody also revealed enhanced
proliferation of Tg epididymis. In adult Tg testis, the different generations of germ cells of seminiferous tubules appeared normal, although some
tubules were highly dilated and revealed an absence of early and/or late spermatids. The epithelial cells of the Tg tubuli recti and rete testis were
not abnormal, but the rete testis was highly dilated and contained numerous spermatozoa, suggesting a downstream blockage. Consistent with a
blockage of efferent ducts often seen at the rete testis/efferent duct interface, spermatozoa were absent in epididymis of all adult Tg mice and in all
highly hyperplastic efferent duct tubules of these Tg mice. Such a blockage was visualized by injection of Evans blue dye into the rete testis
lumen. Finally, the presence of ectopic hyperplastic efferent duct tubules was observed within the testicular parenchyma itself, outside their normal
territory, suggesting that Notch1 signaling is involved in the establishment of these borders. This phenotype seems to represent a novel
developmental defect in mammals. Together, these results show that constitutive Notch1 signaling significantly affects the development of male
reproductive organs.
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Coordinate development of various tissues in multi-cellular
organisms often relies on cell–cell interactions inducing and
responding to signals of proliferation and differentiation. In
many cases, the signal transduction cascades involved in these
processes are evolutionarily conserved. The Notch family of
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in vertebrate and invertebrate development. This signaling
pathway contributes to cell fate determination and patterning of
organ development by promoting a given fate to Notch
expressing cells and blocking it in neighboring cells (for
reviews, see Artavanis-Tsakonas et al., 1999; Lai, 2004;
Greenwald and Rubin, 1992).
In mammals, four Notch isoforms have been identified,
Notch1/TAN1, Notch2, Notch3 and Notch4. The various Notch
receptor proteins can be activated following binding to one of
their membrane bound ligands, members of the Delta/Serrare/
Jagged family. This initiates Notch proteolytic cleavage and
release of its intracellular portion (Notchintra), which eventually
localizes to the nucleus, where it interacts with nuclear factors
and modulates the expression of target genes [for reviews, see
Baron et al., 2002; Kopan and Turner, 1996]. Mutant forms of
the Notch receptor that lack the extracellular domain are
constitutively active and represent gain-of-function mutations.
Expression of such mutants has been found to alter cell fate
specification and to lead to deleterious effects, including
abnormal differentiation and tumor formation (Greenwald,
1994; Ellisen et al., 1991; Jhappan et al., 1992; Dievart et al.,
1999; Fortini et al., 1993; Girard et al., 1996; Lieber et al., 1993;
Struhl et al., 1993; Kopan et al., 1994; Pear et al., 1996; Berry et
al., 1997; Capobianco et al., 1997; Hu et al., 2006).
Notch signaling has been studied in several tissues during
development. Notch was shown to restrict cell fates, to specify
cell differentiation and to participate in boundary formation
between various cell territories [for a review, see Lai, 2004]. In
the male reproductive tract, the expression pattern of the Notch
receptors has been investigated. Sertoli cells express only
Notch2 in neonatal mice (Dirami et al., 2001). Notch1, 2, 3 and
4 were found to be expressed in spermatogonia (Hayashi et al.,
2001; Dirami et al., 2001; Mori et al., 2003). Sequential
activation of Notch receptors was observed during mouse
spermatogenesis: Notch3 appears to be activated in spermato-
gonia while Notch1 and 4 are activated in spermatocytes and
spermatids (Mori et al., 2003). Moreover, it has been
demonstrated that expression of Notch1 and its ligand jagged
2 is required for spermatogenesis in rat and human testes
(Hayashi et al., 2001). Despite these studies, little is known
about the role of Notch receptors in the development of the male
reproductive tract.
During embryogenesis, several key events take place to form
the definitive testis, efferent ducts and epididymis. In the
mouse, between embryonic day 7 and 12.5, primordial germ
cells migrate to the future site of the gonad and induce cells in
the mesonephros and coelomic epithelium to develop into the
urogenital ridge, the precursor of the gonad (Tohonen et al.,
2003; Rodriguez et al., 2002). The primordial germ cells form a
number of irregularly shaped cords, the primitive sex cords,
which proliferate and penetrate deep into the medulla of the
gonad where they form a series of well-defined testis cords
composed of primitive germ cells and epithelial cells (Tohonen
et al., 2003). Near the hilus of the gonad, the cords break up into
a network of tiny cell strands, giving rise to the rete testis. The
testis cords become horseshoe-shaped, and the ends becomecontinuous with the rete testis, with the tubuli recti forming as
narrow extremities of the testis cords (Tohonen et al., 2003).
Simultaneous with these events in the gonad, the mesonephric
tubules, extensions of the mesonephric ducts, regress cranially
and caudally, with those located proximally near the developing
testis establishing contact with the rete testis and forming the
efferent ducts and portion of the caput epididymidis (Rodriguez
et al., 2002; Hess et al., 2002). The mesonephric (Wolffian) duct
forms the remainder of the epididymis and the vas deferens
(Roberts, 1995; Hinton and Turner, 1988). Thus, before
gestation, between embryonic day 18 and 22, the major
components of the male reproductive system are formed and
connections established between themselves.
Several key players are implicated in testis cord formation,
Sertoli cell differentiation and germ cell development, such as
the expression of Sry, Mullerian inhibiting substance, andro-
gens, estrogens, the mesonephros and the extracellular matrix
[(Hadley et al., 1985; Buehr et al., 1993; Tsuji et al., 1992;
Capel et al., 1999); see for a review Rodriguez et al., 2002]. In
addition, the development of peritubular cells is directly
associated with intact testis cord formation (Levine et al.,
2000), and neurotrophins are critical for induction of embryonic
testis cord formation and regulation of proliferation and survival
of germ cells and peritubular cells (Levine et al., 2000;
Robinson et al., 2003). Peritubular cells play an essential role in
development of tubular morphology, differentiation of Leydig
cells and spermatogenesis (Clark et al., 2000). In the excurrent
ducts, androgens, estrogens and luminal factors originating
from the testis and/or epididymis, which has a developed lumen
during embryogenesis, can act on the differentiation of the
epididymal epithelium during early and late development and in
adulthood (Rodriguez et al., 2002; Orgebin-Crist et al., 1975;
Robaire and Hermo, 1988; Hess et al., 2002; Hinton et al.,
1998). Thus, the development of the male reproductive tract
involves a host of diverse factors, and one of these may be the
Notch family of proteins.
In order to gain further insight in this developmental process
and considering the role of Notch in the process of cell
differentiation, we undertook an analysis of Tg male mice
expressing an activated form of Notch1 (Notch1intra) in the male
reproductive organs. We show here that adult Tg mice exhibit
hyperplasia of the epithelial cells of the efferent ducts and
epididymal regions and the presence of ectopic hyperplastic
efferent duct-like tubules within the testicular parenchyma. In
addition, spermatozoa accumulate in a highly dilated rete testis,
with their absence being conspicuous in the lumen of the
hyperplastic efferent ducts and epididymis. The data suggest the
presence of hyperplasia and blockage of the efferent ducts, often
at the level of the rete testis/efferent duct interface, a finding
consistent with the infertility of these mice.Materials and methods
Generation of MMTV/Notch1intra transgenic (Tg) mice
The MMTV/Notch1intraΔCys transgene was constructed by ligating the
Notch1 mutant A sequences (2.8 kbp) (Dievart et al., 1999) to the MMTV LTR
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Notch1intra KpnI restriction site, thus spanning nucleotides 5187 to 8064 of
Notch1. The MMTV/Notch1intraΔCysΔOPA transgene was deleted of the OPA/
PEST sequence at the EcoRV restriction site, and the polyadenylation site of
Notch1 was replaced by the polyadenylation site of SV40. One-cell
(C3H×C57BL/6) F2 embryos were collected, microinjected and transferred
into pseudopregnant CD1 females as described before (Bouchard et al., 1989).
The resulting founder mice were analyzed for the presence of the transgene by
Southern analysis of tail DNAwith a Notch1 (probe K) or SV40-specific probe
(Dievart et al., 1999). Notch1 probe K covers the entire intracellular region, from
the BamHI (nt 4204) to EcoRI (nt 8064). Transgenic mice were bred on the CD1
background.
Northern blot analysis
Total RNAs were isolated from different tissues of adult mice using Trizol
reagent (Gibco BRL), and 15 μg was electrophoresed on 1% formaldehyde-
agarose gels, transferred by the Northern blot procedure to Hybond-N
membranes (Amersham Co.) and hybridized with 32P-labeled probe K prepared
by the random primer method, as described previously (Dievart et al., 1999).
Microscopic analysis
For light microscopic (LM) analyses, the testis, efferent ducts, epididymis,
vas deferens and seminal vesicle of 2–4 non-Tg and 2–4 Tg mice at postnatal
days 8, 21 and 38 of age were analyzed, while 10 non-Tg and 10 Tg mice were
examined at later ages (3–6 months of age). All tissues upon removal from each
animal were immersed in Bouin's fixative and left as such for 24 h, after which
they were rinsed for several days in alcohol and then dehydrated and embedded
in paraffin. Sections (5 μm) of each tissue were cut for LM examination and
stained with hematoxylin and eosin. Two blocks per animal (one for right and
left testis and another for both sides of the epididymis and vas deferens) were
cut, and sections (2 per block) were mounted on at least 5 different slides per
block for routine light microscope analysis. For electron microscopy (EM)
studies, the efferent ducts and epididymidis of 2 additional non-Tg and 2 Tg 4-
month-old mice were fixed in 2.5% glutaraldehyde buffered in sodium
cacodyate, postfixed in ferrocyanide-reduced osmium tetroxide and then
dehydrated in alcohol and embedded in Epon as previously described (Hermo
et al., 1992). Thin sections of the efferent ducts and epididymal segments (initial
segment, caput, corpus and cauda epididymidis) were cut with a diamond knife,
stained with uranyl acetate and lead citrate and examined on a Philips 400
electron microscope. Five blocks per segment were analyzed for each non-Tg
and Tg mouse.
Tracer studies
To determine a functional block between the rete testis and efferent ducts, a
dye (Evans blue) was introduced into the lumen of the rete testis of 4 non-Tg and
4 Tg mice. After removal of the testis from the scrotum, the area of the rete testis
located at the vascular pole of the testis was exposed along with the efferent
ducts. The efferent ducts were separated from the fat pad surrounding them as
well as nearby vascular channels. With a 30-gauge needle and 1-ml syringe,
Evans blue dye was slowly injected manually into the window of the rete testis
as described by Dym (1976). The entry of the blue dye into the lumen of
seminiferous tubules as well as that of the efferent ducts, into which the dye
readily flowed, was taken to indicate that the technique was successful in the
case of non-Tg mice, while in Tg mice, the entry of dye into seminiferous
tubules would suffice to ensure that the technique was successful.
In situ hybridization (ISH)
Organs to be assessed from non-Tg and Tg mice were fixed with
paraformaldehyde or periodate–polylysine–paraformaldehyde fixative, embed-
ded in paraffin and processed for in situ hybridization, as previously described
(Hanna et al., 1998). The Notch1intra riboprobes used represent a 279 nt long
Bru36I fragment from the pMN7 construct (Girard et al., 1996). This fragment
covers the intracellular C-terminal region of Notch1 from nucleotide 5357 to5636. Tissues from non-Tg control animals hybridized with sense and antisense
probes, as well as tissues from Tg mice hybridized with a sense probe, failed to
exhibit any specific signal. For histopathologic analysis, sections were stained
with hematoxylin and eosin.
Immunohistochemistry (IHC)
IHC was carried out essentially as described (Kay et al., 2002; Radja et al.,
2003). After dewaxing, sections were treated with 0.3% hydrogen peroxide in
PBS then blocked with 3% normal goat serum in PBS for 30 min at room
temperature before incubation with mouse monoclonal antibody (mAb) to
PCNA (proliferating cell nuclear antigen) (BD Transduction Laboratories
#610664) (1:300) overnight at 4°C. This was followed by incubation with
peroxidase-conjugated rabbit anti-mouse Immunoglobins (DAKO, #P0260)
(1:200) for 1 h at room temperature. Finally, the positive signal was visualized
with 4,4-diaminobenzidine tetrahydrochloride (DAB) and counterstaining was
performed by hematoxylin.
Image quantitation
Quantitation of PCNA-labeled epithelial cells was performed on digital
images of IHC tissue sections. The sections were scanned, and color images
were captured by using Zeiss Axiophot microscope supported with Northen
Eclipse 6.0 software (Empix Imaging). Four random images (40×) per section
were taken from each of 3 Tg and 3 non-Tg mice. The total number of nuclei and
PCNA-labeled nuclei from epithelium was counted manually. The proliferation
index (PI) represents the percentage of PCNA-labeled epithelial cells out of the
total epithelial cells. Means±standard errors (SEMs) were obtained from 12
images from each Tg and non-Tg groups. Statistical comparison between Tg and
non-Tg groups was performed by using an unpaired two-tailed Student's t test.
Differences were considered significant if p<0.05.Results
Construction of transgenic mice
The MMTV LTR promoter, which permits gene expression
in male reproductive organs (Henrard and Ross, 1988; Rollini
et al., 1992; Mangues et al., 1990; Matsui et al., 1990; Muller
et al., 1990; Sinn et al., 1987; Tsukamoto et al., 1988; Stewart
et al., 1988; Stewart et al., 1984), was used to target expression
of activated Notch1 in these organs of Tg mice. Two transgenes
with variant Notch1intra sequences were constructed: one
(MMTV/Notch1intraΔCys) contains the Notch1 TM domain
(without the 2 cysteine residues at the N-terminus) and the
complete intracellular domain; the other construct, MMTV/
Notch1intraΔCysΔOPA, has the same N-terminal sequences as the
first transgene but was deleted of the C-terminal OPA/PEST
sequences. Three Tg founders (F) expressing the transgene were
identified: 2 with the MMTV/Notch1intraΔCys Tg (F47400,
F39580) and 1 with the MMTV/Notch1intraΔCysΔOPA transgene
(F42986). Southern blot analysis showed that the structure of the
transgenes was grossly intact. A fewDNA copies were present in
one founder (F47400, 5 copies), but only one in the other
founder analyzed (F39580) (data not shown).
Transgene expression in targeted male reproductive organs
Expression of Notch1intra in the male reproductive tract of Tg
males was analyzed by Northern blotting on total RNA. High
levels of Tg RNAwere detected in the epididymis and to a lesser
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endogenous Notch1 RNA (∼10 kb) was also detected in the vas
deferens and the epididymis, confirming previous results for the
epididymis (Freeman, 1998). Expression of Tg Notch1intraresulted in increased expression of the endogenous Notch1
RNA in these tissues (Fig. 1A), possibly reflecting the effect of
activation of novel effectors and/or the expansion of more
immature cell populations (see below).
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hybridization (ISH) was performed with 35S-labeled Notch1-
specific riboprobes. Endogenous Notch1 expression was not
detectable in these conditions in non-Tg adult mice (data not
shown) nor was Tg Notch1 RNA detectable in non-hyperplastic
normal-appearing Tg tissues (Fig. 1B). However, high levels of
Tg expression could be detected in the hyperplastic epithelial
cells of the efferent ducts, epididymis and vas deferens, with the
exception of those segments which were spared of hyperplasia
(Fig. 1B).
Sterility of MMTV/Notch1intra Tg males
In establishing breeding colonies of the MMTV/Notch1intra
Tg lines, it became evident that all males from three in-
dependent Tg lines expressing Notch1intra [F47400 (n=34) and
F39580 (n=1) as well as the founder male F42986 (n=1)] were
sterile.
Histological analysis of the male reproductive tract in MMTV/
Notch1intra Tg mice at early postnatal ages
Histological analysis of the testis, efferent ducts, epididymis
and vas deferens of postnatal day 8 and 21 Tg mice revealed that
the epithelial cells of these various tissues presented a bilateral
morphological appearance that was indistinguishable from that
of non-Tg littermates of similar ages (Fig. 2a–h). In the testis of
Tg mice, seminiferous tubules were composed of Sertoli cells
and germ cells, comprising spermatogonia, spermatocytes and
early spermatids, as was the testis of non-Tg mice (Fig. 2a, b).
The rete testis in both mice was lined by a cuboidal epithelium
encompassing a distinct lumen (Fig. 2a, b). The epithelial cells
of the efferent ducts, epididymis and vas deferens of Tg mice
were columnar in shape and appeared undifferentiated and
comparable to those of non-Tg mice at similar ages (Fig. 2c–h)
and as already reported for these ages from other published
studies (Hermo et al., 1992). A lumen was already present in
these tissues at these early ages, but spermatozoa were absent
(Fig. 2c–h) as they begin to appear in the epididymis after
day 35.
Hyperplasia of the epididymis and vas deferens in MMTV/
Notch1intra adult Tg mice
The data of young Tg mice (8 or 21-day-old) dramatically
contrasted those of adult Tg mice. As early as postnatal day 38,
the following features characterized the morphology of the maleFig. 1. Analysis of Notch1 transgene expression in genital tracts of male MMTV/Not
spleen (S), from liver (L), seminal vesicle (SV), vas deferens (VD), epididymis (E) and
well as a positive control cell extract (C) were hybridized with a 32P-labeled Notch
Notch1 RNA are shown. Comparable results were obtained on 4 Tg and 4 non-Tg mic
loading of RNAs. (B) In situ hybridization analyses: sections of the epididymis (a–
35S-labeled Notch1intra antisense (a, d, g, j) and control sense (b, e, h, k) riboprobes
brightfield of those used for ISH were counterstained with hematoxylin and eosin. N
Notch1 transgene expression is observed in the hyperplastic epithelial cells of epididy
in the morphologically normal-appearing epithelial cells, except to a much lower le
processed at the same time revealed no expression, the signals with AS and S probereproductive tract of 10 Tg and 10 non-Tg mice examined. In
the initial segment of the epididymis of non-Tg mice, the
epithelium of the epididymal tubules consisted of tall columnar
principal cells with basally located nuclei, hemispherical basal
cells and occasional narrow/apical cells characteristic of this
epididymal segment; spermatozoa were plentiful in the lumen
(Fig. 3a). In contrast, the epithelium of Tg tubules of this
segment was highly folded and pleated in appearance, with no
evident distinction of the different cell types (Fig. 3b). Such was
also the case for the epithelium of the proximal caput and corpus
epididymidis of 8 of 10 Tg animals (Fig. 4). Tubules of these
segments also presented a bilateral highly folded epithelium
with an accumulation of nuclei in the folds and a lack of
distinction of the different epithelial cell types (Fig. 4, upper
right inset).
In the cauda epididymidis of Tg animals, the epithelium was
less folded than in other epididymal regions, nevertheless,
folded areas of the epithelium were noted with varying degrees
of multinucleation (Fig. 3d), unlike the uniform columnar
epithelium of non-Tg mice of this segment (Fig. 3c). In
addition, in some tubular cross-sectional profiles, puffs of
epithelial cells at times protruded into the lumen (Fig. 3d). Such
puffs were enriched with large foamy cells resembling clear
cells (Fig. 3d, inset). Thus, at least two distinct cell types were
present in the cauda epididymidis of Tg mice. The absence of
such foamy clear cells from the proximal caput and corpus
epididymidis was conspicuous in Tg mice as clear cells are a
feature of non-Tg mice in both these segments, in addition to the
cauda epididymidis.
In contrast, tubules of the distal caput epididymidis of 8 of
the 10 Tg mice formed a distinct band across the width of the
epididymis and presented a uniform columnar epithelium and
distinctive cell types comparable to that seen in non-Tg mice
(Fig. 4 and upper left inset). The effect was seen bilaterally.
However, in 2 of the 10 Tg mice, the epididymal segments
affected varied: one Tg mouse showed bilateral hyperplasia in
all segments except the proximal caput, and the other in the
proximal corpus segment (not shown). Thus, the distal caput
epididymidis was spared of epithelial hyperplasia in Tg mice.
Throughout the epididymis of all adult Tg mice, spermatozoa
were absent from the lumen, however, cellular debris of unknown
origin was often present in the cauda epididymidis (Fig. 3d).
The proximal vas deferens also revealed a hyperplastic
epithelium in all Tg mice with extensive folding of the
epithelium and nuclei located at various levels of the epithelium
(Fig. 5b). However, in the distal vas deferens of Tg mice, a
columnar epithelium was evident (not shown), similar to thatch1intra Tg adult mice. (A) Northern blot analysis. Upper panel: total RNAs from
testis (T) of MMTV/Notch1intraΔCys Tg (+) mice and control non-Tg (−) mice as
1intra probe (probe K). Full-length endogenous (E) and transgene (Tg)-specific
e. Lower panel: ethidium bromide stained agarose gel is shown as control for the
c), testis (d–f), efferent ducts (g–i) and vas deferens (j–l) were hybridized with
. Inset in g shows silver grains on a single epithelial cell. (c, f, i, l) Sections in
o apparent expression of Notch1 transgene is detected in testis. High levels of
mis (8 Tg mice), efferent ducts (6 Tg mice) and vas deferens (7 Tg mice), but not
vel in those of epididymis. The experiment was repeated twice. Non-Tg tissues
s being comparable (data not shown). Original magnification: 200×.
Fig. 2. Histological analysis of male reproductive organs of MMTV/Notch1intra Tg and non-Tg mice at early postnatal ages. Sections of the testis (a, b), efferent ducts
(c, d) and caput epididymidis (e–h) at postnatal day (pnd) 8 (a–f) and 21 (g, h) of non-Tg (a, c, e, g) and Tg (b, d, f, h) mice. In the testis, seminiferous tubules (ST) and
the rete testis (RT) appear comparable in both Tg and non-Tg mice. The appearance and size of the epithelial cells (arrows) of the efferent ducts and epididymis in Tg
mice are indistinguishable from those of non-Tg mice. A lumen (asterisks) is already evident at postnatal day 8, but spermatozoa are absent at this time point in
development. IT: intertubular space. Original magnification: 150× or 250×.
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abundant in the lumen of non-Tg mice, they were absent in Tg
mice (Fig. 5b). The epithelium of the seminal vesicle was
unaffected in Tg mice and appeared comparable to that seen in
non-Tg mice (Fig. 5c, d).
Electron microscopic analysis of epididymis of Tg adult mice
reveals poorly differentiated epithelial cells in distinct regions
By the electron microscopy, affected segments of the
epididymis of Tg mice (n=2) showed major changes to the
epithelium, as compared to those of non-Tg mice (n=2). In
the latter, principal cells had a basal spherical nucleus, withthe shape of the cells being columnar in appearance (Fig. 6a).
Their cytoplasm contained prominent stacks of Golgi
saccules, endoplasmic reticulum, microvilli, endosomes and
dense lysosomes (Fig. 6a). Also evident were narrow/apical
cells characteristic of the initial segment, clear cells present in
the caput, corpus and cauda segments and basal cells evident
throughout the entire epididymis (not shown).
In Tg mice, the epithelial cells of affected segments (initial
segment, proximal caput and corpus) were thin, densely packed
together and revealed a cytoplasm containing a sparsity of
organelles such as the Golgi stacks of saccules, endoplasmic
reticulum and dense lysosomes (Fig. 6b), not unlike that of
undifferentiated principal cells reported during postnatal
Fig. 3. Epididymis of MMTV/Notch1intra Tg and non-Tg adult mice. Initial segment (a, b) and cauda (c, d) epididymidis of non-Tg (a, c) and Tg (b, d) mice. In non-Tg
mice (n=10) (a), the epithelium (E) of the initial segment is columnar showing a uniform layer of basally located spherical nuclei along with few apically located nuclei
belonging to narrow/apical cells characteristic of this segment; spermatozoa (rectangle) are evident in the lumen (asterisk). Inset shows a higher magnification of the
area. In Tg mice (n=10) (b), the epithelium of the initial segment appears pleated and highly folded, suggestive of a hyperplastic nature. The nuclei of the epithelial
cells are evident at the base of the epithelium, but many in addition are evident in its folded areas (ovoid circle); no spermatozoa are present in the lumen (asterisk).
Inset shows a higher magnification of the area. In non-Tg mice of the cauda epididymidis (c), the tubules are composed of a columnar epithelium (arrows) with
numerous sperm (square) being present in the lumen. In the Tg cauda epididymidis (d), the epithelium is less folded than that noted in other epididymal segments,
however, multinucleation is still observed (ovoid circle). In addition, distinct puffs of epithelial cells (open arrows) protrude into the lumen along stretches of the
epithelium. Spermatozoa do not appear in the epididymal lumen (asterisk) of Tg mice. Inset of d shows higher magnification of the epithelial puffs consisting mainly of
pale large clear cells (C). Original magnification: a–d, 250×; inset, 400×.
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cells contained few microvilli, and their nuclei were elongated
and positioned at different levels of the epithelium (Fig. 6b). AllFig. 4. Epididymis of MMTV/Notch1intra Tg adult mouse. Low magnification of a
proximal (P) and distal (D) caput (C) and proximal corpus (Co) epididymidis are re
lines), designated as the DC, shows tubules with an epithelium that does not appear to
and Co segments present a folded, pleated epithelium suggestive of hyperplasia. Or
magnification with a normal-looking epithelium (E) composed of a uniform layer o
higher magnification revealing a pleated epithelium with nuclei in basal and folded a
lumen (asterisks). Original magnification of insets: 350×.the epithelial cells of Tg mice of these segments appeared
undifferentiated and were similar in appearance to each other.
This was in contrast to the different cell types showing differentportion of the epididymis of a Tg mouse showing segmental hyperplasia. The
presented. A distinct band (segment) across the width of the epididymis (dotted
be hyperplastic and that is similar to that seen in non-Tg mice. In contrast, the PC
iginal magnification: 150×. Upper left inset shows tubules of the DC at higher
f columnar principal cells. Upper right inset demonstrates tubules of the PC at
reas (ovoid circle). Throughout the epididymis, spermatozoa are absent from the
Fig. 5. Proximal vas deferens and seminal vesicles of MMTV/Notch1intra Tg and non-Tg adult mice. In non-Tg mice (a), the epithelium of the proximal vas deferens
shows columnar principal cells, while in Tg mice (b), the epithelium is hyperplastic, being highly pleated and folded. In the seminal vesicle, the epithelial cells of Tg
mice (d) do not show signs of hyperplasia and are similar in shape and appearance to those of non-Tg mice (c). Original magnification: 200×.
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non-Tg mice. However, in the cauda epididymidis of Tg mice,
while the majority of undifferentiated cells resembled undiffer-
entiated principal cells, similar to that seen in the other affected
epididymal segments, enlarged cells with numerous endosomes
and lysosomes were also present, suggestive of clear cells seen
in non-Tg mice (not shown). Epithelial cells of the distal caput
epididymidis of Tg mice appeared differentiated and revealed
different cell types each with morphologies similar to that of
non-Tg mice of this region (not shown).Fig. 6. Electron micrographs of the epididymal initial segment of MMTV/Notch1intra
large size, show prominent microvilli (Mv) on their apical membrane, occasional ly
consisting of numerous stacks of saccules; spermatozoa are evident in the lumen. In Tg
(N) are at various levels of the epithelium, including adjacent to the lumen of the duct.
these cells shows ER cisternae, a scanty Golgi apparatus and an occasional lysosomeHyperplasia of epididymis is associated with enhanced
proliferation in MMTV/Notchintra Tg adult mice
Considering the extensive folding of the epithelial cells of
the affected epididymis and the accumulation of nuclei in
these folded areas, we assessed whether the epithelial cells of
these regions were undergoing division in adult Tg mice.
Proliferation was assessed by IHC with an mAb against
PCNA. This study revealed a significant enhancement of
proliferation in Tg tissues relative to non-Tg ones (Fig. 7).Tg and non-Tg adult mice. In non-Tg mice (a), the columnar principal cells are of
sosomes, and an abundance of ER cisternae and elaborate Golgi apparatus (G)
mice (b), epithelial cells appear thin, attenuated and undifferentiated; their nuclei
Microvilli (Mv) on the apical cell surface are scanty in number. The cytoplasm of
(curved arrow) near the nucleus. Original magnification: 6000× for each.
Fig. 7. Enhanced proliferation of epididymal epithelial cells of MMTV/Notch1intra Tg mice. Sections of epididymis of non-Tg (a) and Tg (b) mice were subjected to
immunohistochemistry with anti-PCNA antibody and visualized with DAB (brown). Note the higher number of PCNA-positive epithelial cells in Tg mice (b, arrows).
(c) Quantification of PCNA-positive epithelial cells was performed as described in Materials and methods. Original magnification: 400× for a and b.
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Tg epididymis may be responsible for hyperplasia.
Hyperplasia of efferent duct tubules in MMTV/Notchintra Tg
adult mice
In non-Tg adult mice (n=10), the epithelium of the efferent
ducts presented a uniform columnar appearance with non-
ciliated cells showing a basally located nucleus and microvilli
extending from their apical surface, while ciliated cells
presented apically located nuclei with cilia on their apical
surface (Fig. 8a). In Tg mice (n=10), some cross-sectional
profiles of efferent duct tubules revealed an epithelium with a
uniform columnar appearance (Fig. 8b), comparable to that seen
in non-Tg mice (Fig. 8a), while other tubular sections were
grossly abnormal and hyperplastic, presenting a highly folded
epithelium with nuclei enriched in areas of the folds (Fig. 8b). In
some tubular sections, both a normal and hyperplastic
epithelium were seen side by side. In adult Tg mice (10/10),
the lumen of highly hyperplastic efferent duct tubules was
consistently devoid of spermatozoa (Fig. 8b), while in some
animals some tubules were non-hyperplastic, dilated and
contained spermatozoa (Fig. 8c).Fig. 8. Tubules of the efferent ducts fromMMTV/Notch1intra Tg and non-Tg adult mic
spherical in shape and present a columnar epithelium (E), with a uniform layer of mai
(b). The epithelium (E) of such tubules is highly folded and pleated in appearance, w
however, show a more normal columnar appearance (black arrows in panel b). Sper
normal-looking Tg tubules (asterisk in panel b) but present in others (square). OrigiNormal spermatogenesis in MMTV/Notch1intra Tg adult mice
In the testis of all 10 Tg mice, some seminiferous tubules
showed an epithelium with a normal complement of germ and
Sertoli cells (Fig. 9b) that closely resembled that of non-Tg mice
(Fig. 9a). In addition, the various generations of germ cells were
present in a given seminiferous tubule cross-sectional profile, as
were all the appropriate stages of the cycle of the seminiferous
epithelium (Fig. 9b). However, other seminiferous tubules were
abnormal, presenting varying morphologies (Fig. 9b). The latter
were often found to be atrophic and devoid of both pachytene
spermatocytes and/or early and late spermatids. However, even
in these atrophic tubules, spermatogonia and early spermato-
cytes were present, indicating that the sterility of Tg mice is not
caused by an arrest in spermatogenesis.
Hyperplasia and blockage of the efferent ducts, often at the rete
testis/efferent duct interface, result in dilation of the lumen of
the rete testis in MMTV/Notch1intra Tg adult mice
In non-Tg mice, the terminal segments of seminiferous
tubules ended as the tubuli recti (TR), lined by modified Sertoli
cells, that were continuous with the anastomotic channel knowne. (a) The tubules of non-Tg efferent ducts are of small diameter, are more or less
nly spherical basal nuclei. (b, c) Tg tubules. Many are large and appear abnormal
ith multinucleation occurring in the folded areas (ovoid circle). Some tubules,
matozoa are absent from the lumen of all hyperplastic Tg tubules and of some
nal magnification: (a): 300×; (b): 250×; (c): 400×.
Fig. 9. Seminiferous tubules of MMTV/Notch1intra Tg and non-Tg adult testis. In 4-month-old non-Tg mice (a), the seminiferous epithelium (SE) consists of a full
complement of the different generations of germ cells and the nondividing Sertoli cells. Note that the flagella (F) of elongating spermatids appear in the lumen (Lu),
with their heads anchored in the epithelium. In Tg mice at 4 months of age (b), the seminiferous epithelium of the tubules illustrated shows a normal complement of
germ and Sertoli cells, however, the lumen of each tubule is filled with the heads and tails of sperm (squares) that are never seen in non-Tg tubules. Among the
seminiferous tubules is a longitudinal section of a tubule which in one area shows a columnar appearance (arrow) and in another area folded pleated appearance
(ovoid circle); such tubules are referred to as aberrant efferent duct (ED) tubules; the lumen does not contain spermatozoa. IS, interstitial space; A, tunica albuginea.
Original magnification: 250× for each.
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cuboidal epithelium located at the vascular pole of the testis and
presented a flattened meandering lumen that did not contain anyFig. 10. Rete testis and tubuli recti of MMTV/Notch1intra Tg and non-Tg adult mice. In
tubules of the testis is lined with germ and Sertoli cells, while the terminal part of th
modified Sertoli cells. The rete testis, which in this plane of section is partly oblique, i
relatively flattened and does not contain spermatozoa as the latter rapidly exit the rete
testis is dramatically enlarged and filled with spermatozoa (square) and spherical (
seminiferous tubules and tubuli recti, an aberrant efferent duct tubule (ED) is se
magnification: a, 250×; b, 175×.visible content (Fig. 10a). In contrast, in Tg mice, the lumen of
the rete testis was grossly dilated and contained numerous
spermatozoa and other debris of unknown origin (Fig. 10b). The4-month-old non-Tg mice (a), the seminiferous epithelium (SE) of seminiferous
e seminiferous tubules, referred to as the tubuli recti (TR), is lined mainly with
s lined by a cuboidal epithelium (arrow). The lumen (asterisks) of the rete testis is
to enter the efferent ducts. In 4-month-old Tg mice (b), the lumen (Lu) of the rete
circle) undefined cells. The epithelium remains cuboidal (arrows). Among the
en in cross-section with a pleated epithelium and an empty lumen. Original
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such that the lumen of the tubuli recti and some seminiferous
tubules situated close to the rete testis also contained free
floating spermatozoa (Figs. 9b, 11b), a situation that was never
noted in non-Tg mice (Figs. 9a, 10a). However, the epithelium
of the rete testis of Tg mice was cuboidal in appearance similar
to that seen in non-Tg mice, and no evidence of epithelial
hyperplasia was noted for the rete testis in Tg males (Figs. 10b,
11a). Similarly, there was no modification of the Sertoli cells
lining the tubuli recti of Tg mice as these cells resembled those
of non-Tg males (compare Fig. 10a with 11b).
The morphological findings suggested the presence of
hyperplasia and a physical blockage of the efferent ducts
often at the rete testis/efferent ducts interface. Consistent with
these results, injection of Evans blue dye into the lumen of the
rete testis of 4 additional Tg mice failed to reveal coloration of
the lumen of the entire length of the efferent ducts (Fig. 11d),Fig. 11. Analysis of the testis of MMTV/Notch1intra adult Tg mouse. In panel a, lon
epithelium (ovoid circle) are present in the testis parenchyma of this 4-month-old
accumulation of cells at the interface with the rete testis, which shows a cuboidal epit
continuity of the rete lumen with that of the ED tubule. The lumen (Lu) of the rete test
aberrant ED tubules, which appear to be devoid of content. In panel b, spermatozoa (sq
aberrant efferent duct (ED) tubule is also evident, revealing a highly pleated appearan
250×; b: 300×. (c, d) Tracer studies. Injection of Evans blue dye into the lumen of the
efferent duct tubules (ED), as evidenced by their blue coloring. However, in Tgmice (d
suggesting that a blockage existed at the junction of the rete testis and efferent ducts. I
suggesting a successful inoculation and absence of a blockage at the level of the tub
magnification: 10×.while penetration of the dye was readily detected in the efferent
duct lumen from proximal to distal sites after injection into the
rete testis of 4 non-Tg mice (Fig. 11c). These data corroborated
the findings that there was a physical block preventing dye from
flowing from the lumen of the rete testis into the lumen of the
efferent ducts along their entire length in Tg mice. However, in
all cases, the dye entered the lumen of seminiferous tubules,
suggesting that there was no blockage between the ends of
seminiferous tubules with the tubuli recti and rete testis.
Presence of novel, ectopic, aberrant efferent duct tubules in the
testicular parenchyma of MMTV/Notch1intra Tg adult mice
A notable feature of sections of the testis of Tg mice
(n=6), cut in the plane of the rete testis, was the presence of
tubular profiles of smaller size than that of the seminiferous
tubules that were embedded in the parenchyma of the testisgitudinal sections of aberrant efferent duct (ED) tubules with a pleated, folded
Tg mouse. The end of one aberrant ED tubule (large arrow) demonstrates an
helium (small arrow). Note that this cellular accumulation appears to occlude the
is contains clumps of unidentified cells (spherical circle), unlike the lumen of the
uare) are noted in the lumen of the tubuli recti (TR). The pleated epithelium of an
ce (ovoid circle) and absence of content in the lumen. Original magnification: a:
rete testis of non-Tg (c) revealed that the tracer gained entry into the lumen of the
), the tracer did not gain entry into the efferent ducts since they appear translucent,
n both mice, the tracer readily flowed into the lumen of the seminiferous tubules,
uli recti or terminal ends of the seminiferous tubules. Epi, epididymis. Original
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non-Tg mice. Such tubular profiles resembled those of the
efferent ducts that were seen in abundance extending from the
rete testis to the initial segment of the epididymis; they will be
referred to as aberrant efferent duct tubules.
In the testicular parenchyma of these Tg mice, such
aberrant efferent duct tubules closely approximated areas of
the rete testis (Figs. 10b, 11a). In Tg mice, the rete testis
maintained its cuboidal epithelial appearance, but the lumen
was filled with cells and debris of unknown nature, including
a plethora of spermatozoa (Figs. 10b, 11a), unlike the absence
of any visible content in non-Tg mice (Fig. 10a). In contrast,
the aberrant efferent duct tubules were composed of a highly
folded and extensively pleated epithelium. In some planes of
section, an accumulation of aberrant efferent duct cells and
their nuclei was apparent at the junction of these two
structures and appearing to occlude the lumen (Fig. 11a).
Such images suggested that the lumen between the rete testis
and efferent ducts was obstructed. As the lumen of the highly
hyperplastic aberrant efferent duct tubules was always devoid
of spermatozoa in Tg mice unlike that of the rete testis (Figs.
9b, 10b, 11b), it is suggested that a physical blockage occurs
at the level of the junction between the rete testis and aberrant
efferent ducts.
Discussion
In the present study, we show that the constitutive expression
of the activated Notch1 intracellular domain (Notch1intra) in
male reproductive organs of Tg mice leads to sterility. This
clinical phenotype is associated with apparently three distinct
histopathological phenotypes: hyperplasia of epithelial cells of
the epididymis, of the proximal vas deferens and of the efferent
ducts, appearance of aberrant efferent duct tubules in the
testicular parenchyma and physical blockage at the level of the
rete testis/efferent duct interface.
The majority of male MMTV/Notch1intra Tg mice show
extensive epididymal hyperplasia in the absence of malignant
transformation, suggesting that activated Notch1intra is not
oncogenic by itself for these cells and that other genetic events
would be required to fully transform these epithelial cells.
Hyperplasia of the epididymis has also been reported in
MMTV/Notch4intra Tg males (Jhappan et al., 1992), indicating
that Notch1intra and Notch4intra are functionally similar, at least
for a hyperplastic function in epididymal epithelial cells.
Epididymal hyperplasia has also been observed in Tg mice
overexpressing the activated erbB2/neu oncogene through the
MMTV LTR promoter (Bouchard et al., 1989; Muller et al.,
1988), indicating that Notch1 is as efficient as this oncogene for
promoting non-malignant growth of epididymal epithelial cells.
Moreover, this Notch1intra-induced hyperplastic epithelial cell
growth appears to be associated with a block of differentiation
of epithelial cells into more mature differentiated state, in
particular for principal cells along the entire epididymis,
narrow/apical cells of the initial segment and clear cells of the
proximal caput and corpus segments. This is also the case for
principal cells of the proximal vas deferens. The uniformlyundifferentiated state of these different cell types, coupled with
the absence of mixed cell types, is consistent with the reported
role of Notch1intra in mediating blockage of differentiation in
other cell types (Kuroda et al., 1999; Bigas et al., 1998; Milner
et al., 1996; Dorsky et al., 1995; Nye et al., 1994; Sestan et al.,
1999; Wang et al., 1998). In fact, these hyperplastic epithelial
cells share many morphological features with immature
epididymal principal cells that have been described during
early postnatal development (Hermo et al., 1992). These results
suggest a cell-autonomous process whereby Notch1intra induces
the growth of epididymal epithelial cell precursors in which it is
expressed, but prevents their differentiation. A more indirect
mechanism, such as deprivation of testicular luminal factors
caused by the upstream block at the rete testis/ED, appears less
likely in view of the strong expression of the transgene in the
hyperplastic cells. Indeed, it has been reported that, when the
efferent ducts of adult animals were ligated, the epithelial cells
of the efferent ducts and epididymis became undifferentiated in
appearance, but they did not become hyperplastic (Hermo and
Morales, 1984; Fawcett and Hoffer, 1979) and as such did not
present the phenotype observed here.
A cell-autonomous action of Notch1intra on precursor cells is
consistent with the action of the activated form of Notch1 in
several cell types of other tissues (Nye et al., 1994; Austin et al.,
1995; Dorsky et al., 1995; Milner et al., 1996; Shawber et al.,
1996; Bigas et al., 1998;Wang et al., 1998; Nofziger et al., 1999;
Hu et al., 2006) (for reviews, see Artavanis-Tsakonas et al.,
1999; Kopan and Turner, 1996). In the MMTV/Notch1intra Tg
mice studied here, there is segment specific phenotype according
to the different cell types of each segment. In the initial segment,
proximal caput and corpus epididymidis, there appears to be a
block of differentiation of epithelial cells into the different
mature cell types such as principal, narrow/apical and clear cells.
However, this does not appear to be the case for the cauda
epididymidis where foamy clear cells are prominent in Tg mice,
albeit in highly folded areas of the epithelium which is never
seen in non-Tg mice. Furthermore, all the distinct epithelial cell
types of the distal caput epididymis were unaffected in Tg mice.
A similar situation occurs for the vas deferens, where the
proximal region is, but the distal region is not, affected. Regional
specificity of epithelial cell differentiation in the case of the
cauda epididymis, where clear cells are present, but not in the
caput and corpus segments, suggests differences in differenti-
ation signaling between proximal and distal epididymal
segments. The reasons for such diverse differentiation patterns
along the length of the epididymis and vas deferens are not
known. This could result from differences in transgene
expression or alternative signaling pathways in response to
Notch1intra in epithelial cells of distinct regions. Region-specific
diversity in epithelial cell structure and functions is a trademark
of the developing and adult epididymis (Hermo and Robaire,
2002; Turner et al., 2003; Cornwall et al., 2002).
The second important histopathological phenotype observed
in these adult MMTV/Notch1intra Tg mice is the presence of
novel, aberrant tubules in testicular parenchyma, at the vascular
pole of the testis, as seen in a diagrammatic form in Fig. 12.
These are never seen in non-Tg mice nor in young (<20-day-
Fig. 12. Diagrammatic representation of the vascular pole of the testis showing the relationship of the rete testis with the efferent ducts in non-Tg and Tg adult mice. In
non-Tg mice (a), tubules of the efferent ducts (ED) penetrate the connective tissue capsule, i.e. the tunica albuginea (TA) of the testis, and merge with the anastomotic
channel referred to as the rete testis (RT). Thus, in non-Tg mice, there is a direct canalization of the lumen of these two distinct structures. In Tg mice (b), the rete testis
is greatly dilated and distorted. In addition, there is an abnormal entry of aberrant efferent duct tubules in the testicular parenchyma. The ends of such tubules do not
appear to establish connection with the rete testis due to hyperplasia of the ED epithelial cells. The lack of canalization of the lumen of the rete testis and aberrant ED
tubules leads to the engorgement of spermatozoa within the lumen of the rete testis and the complete absence of these cells in the lumen of the efferent ducts or entire
epididymis, resulting in the infertility of Tg mice.
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that they bear strong resemblance to the hyperplastic tubules of
the efferent ducts extending from the testis to the initial segment
suggests that they represent efferent duct tubules. During male
genital tract development, cells originating from two distinct
areas, i.e. from the genital ridge and the Wolffian duct, do not
intermix and are kept separated in distinct zones. This normal
cell segregation appears to initially occur during the develop-
ment of the testis of Tg mice. Notch1intra constitutive expression
may be preventing the maintenance of the integrity of this
natural border, thus leading to intermixing of structures of two
distinct embryonic origins. Such a role of Notch1 would be
consistent with our knowledge of the involvement of Notch
signaling in boundary formation in Drosophila (Barrantes et al.,
1999; Dominguez and de Celis, 1998; Micchelli and Blair,
1999; Neumann and Cohen, 1998) and in other systems in
mammals (Dale et al., 2003; Jen et al., 1999; Sato et al., 2002).
Alternatively, the Notch1-induced hyperplasia of the efferent
duct epithelial cells may be associated with a propensity of these
structures to spread and infiltrate (as this is the case for vessels
in tumors), resulting in their growth and entry into the testis.
The third phenotype unique to these MMTV/Notch1intra Tg
adult males is an apparent hyperplasia and blockage of the
efferent ducts often at the rete testis/efferent duct interface,
leading to dilation and presence of spermatozoa in the rete testis,
and absence of spermatozoa in highly hyperplastic epididymis
and efferent ducts of all Tg mice. In these Tg mice, the leading
edge of such aberrant efferent duct tubules may be primarily
defective in promoting fusion with the rete testis during
development. This could lead to unrestricted growth of the
efferent duct tubules, if in fact fusion is tightly linked to growth
arrest of efferent duct tubules. However, since at early ages the
efferent ducts were not hyperplastic and no signs of rete testis
dilation or presence of aberrant efferent ducts were noted, this
possibility is less likely. Alternatively, the proliferation of the
epithelial cells of the efferent ducts may induce a physicalblockage of their lumen, often severe at the rete testis/efferent
duct interface. In the mouse, it has been estimated that there are
between 3 and 5 efferent duct tubules per animal (Ilio and Hess,
1994). Since serial sections of the efferent ducts along their
entire length were not performed in the present study, we cannot
assess if some efferent ducts were normal along their entire
length and others abnormal or if there were alternating areas of
normal and hyperplastic sites for each efferent duct tubule.
However, the complete absence of spermatozoa from the
epididymis of all Tg mice would suggest that hyperplasia of the
efferent ducts, while not occurring along the entirety of all
efferent duct tubules, occurs at least in portion of all tubules,
leading to the noted absence of spermatozoa from the epi-
didymal lumen. In addition, the lumen of the efferent ducts of
Tg mice showing a normal epithelium was highly dilated and
contained numerous spermatozoa, features not noted in non-Tg
mice, suggesting blockage at distal sites along these ducts.
Whatever the exact molecular mechanism, as a consequence of
this blockage, since spermatogenesis is unaffected and ongoing,
spermatozoa accumulate in the rete testis, resulting in gross
distension of its lumen and the presence of free floating sper-
matozoa in the lumen of the tubuli recti and seminiferous
tubules, which is never the case in non-Tg mice. Thus, sterility
of MMTV/Notch1intra Tg males appears to be caused by failure
of spermatozoa to reach the epididymis. Interestingly, male
mice deficient in Dax1, an X-linked member of the orphan
nuclear receptor superfamily of transcription factors, exhibit a
phenotype similar to that of MMTV/Notch1intra Tg mice: notably
a blockage of the rete testis and efferent ductules leading to
sterility (Jeffs et al., 2001). In these mice, however, the cause of
the blockage was different from what we observed in MMTV/
Notch1intra Tg mice. It was indeed caused by the presence of
aberrantly located Sertoli cells both in the rete testis and proximal
efferent ductules, which themselves showed an overgrowth of
their epithelium, and ectopic Leydig cells in seminiferous tubules
close to the rete testis. In sterile Notch4intra-expressing Tg males,
510 M. Lupien et al. / Developmental Biology 300 (2006) 497–511hyperplasia of the epididymis was noted, however, details as to
whether spermatozoa accumulated in the rete testis and if there
was a blockage at the rete testis/efferent duct interface were not
provided (Jhappan et al., 1992).
Further work will be needed to determine the cellular and
molecular basis underlying the various phenotypes observed in
the male reproductive organs of these Tgmice. Our data strongly
suggest that activation of Notch1 can significantly affect the
development of these structures. To our knowledge, this
represents the first description of such a developmental defect
in mammals.
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